Abstract An approach based on analysis of variance was applied to raw expression data on 44,760 transcripts in order to identify those with significant differential expression across ileum and colon in Crohn's disease (CD) and ulcerative colitis (UC). The design treated tissue as a block effect, thereby removing this effect statistically and increasing the power to test for effects of disease states (control, CD, and UC). A significant F-statistic for the disease effect was not correlated with the ratios CD/control or UC/control, evidently because many transcripts with high-expression ratios to the control showed inconsistent patterns across tissues. Of 1,053 transcripts showing a significant effect of disease state at the 1% level by the bootstrap test, 508 showed significant difference at the 1% level in a post hoc test for difference between the mean scores for CD and control. These included a number of genes relevant to the mechanism of pathogenesis of CD and a number of genes mapping to genomic regions that have previously shown linkage to CD in association studies.
Introduction
Inflammatory bowel disease (IBD), including Crohn's disease (CD) and ulcerative colitis (UC), is characterized by chronic inflammation of the intestine in the absence of an obvious pathogenic cause, and the underlying disease mechanisms remain poorly understood. There is evidence that both genetic and environmental factors play a role in the etiology of IBD (Watts and Satsangi 2002; Bouma and Strober 2003) , and that IBD may be a complex of diseases with different etiologies (Gasche et al. 2003) . A significant development in recent years has been the discovery of an association between certain polymorphisms at the CARD15/NOD2 locus on chromosome 16 and increased susceptibility to CD (Hugot et al. 2001) . This locus, which maps to chromosome 16q12, enodes a protein (CARD15) that uses leucine-rich repeats (LRR) to bind bacterial peptidoglycan and subsequently is involved in the activation of NF-κB Russell et al. 2004) . There is evidence of at least six other susceptibility loci for IBD, including one on chromosome 12 (mapped to 12p13.2-q24.1), one on chromosome 19 (mapped to 19p13), one on chromosome 1 (1p36), one on chromosome 5 (5q31), and one on chromosome 14 (mapped to 14q11-q12), as well as the HLA region on chromosome 6 (Cho et al. 2000; Watts and Satsangi 2002; Girardin et al. 2003; van Heel et al. 2005; Negoro et al. 2005) .
The analysis of gene expression by techniques such as microarray holds promise for increasing our understanding of both the causes and the pathology of complex diseases such as IBD (Devauchelle et Chiocchia 2004; Dieckgraefe et al. 2000; Heller et al. 1997; Kok et al. 2004; Langmann et al. 2004; Mannick et al. 2004 ). However, gene expression data pose difficult problems of interpretation and analysis. First of all, gene expression itself is a complex phenomenon, with potential variation arising not only from differences among tissue types and disease states but also from individual genetic differences and environmental effects. In addition, because of the cost of gene expression experiments, a typical microarray data set contains information on the expression levels of numerous transcripts, but usually, the number of replicates is small. Moreover, certain highly expressed transcripts show the most marked expression level differences between disease and normal tissues. Yet expression levels of these highly expressed transcripts may be subject to substantial stochastic error, and thus, the observed differences may not be biologically significant.
One approach to overcoming these problems in microarray data interpretation is to make use of comparisons among different tissues as well as among different states of disease. Using analysis of variance, it is possible to test for differences among disease states controlling statistically for the difference among tissues. Such an approach can be used to detect transcripts which are consistently increased or decreased in a given disease state across tissues. The identification of transcripts showing a consistent pattern across tissues serves to minimize the effects of stochastic variations in the expression of highly expressed transcripts in a given experiment.
Here I apply this approach to analyze data on gene expression in IBD from a published study that focused on dysregulation of pregnane X receptor target genes (Langmann et al. 2004) . The data are raw expression scores for both ileum and colon in controls, CD patients, and UC patients. Note that, because UC is a disease of the colon, it was not expected that there would be many transcripts with significant differential expression across both ileum and colon in UC. Nonetheless, the inclusion of data from UC has the desirable property of increasing the power of the statistical analysis, by providing what amounts to an additional control and by increasing the error degrees of freedom for the analysis of variance.
Methods
Raw expression data from microarray experiments were downloaded from the Gene Expression Omnibus (GEO) database (Barrett et al. 2005) . A given data set in the GEO database (a GDS record) represents a collection of biologically and statistically comparable samples. Two data sets were used: GDS559, derived from Affymetrix (Santa Clara, CA) GeneChip Human Genome U133 Array Set HG-U133Al and GDS560, derived from Affymetrix GeneChip Human Genome U133 Array Set HG-U133B. These chips provide a broad coverage of transcripts from the human genome. Each set contained measurements for two tissues, terminal ileum and colon transversum, from unaffected controls, from patients with CD, and from patients with UC. For each of the six combinations of tissue and disease state, tissue was obtained by pooling tissue from four donors. GDS559 provided data for 22,283 transcripts, and GDS560 provided data for 22,645 transcripts. Only 168 transcripts were in common between the two data sets. By examination of functional annotations, these 168 transcripts did not appear to be atypical of the data set as a whole. In the case of these 168 transcripts, I averaged the scores for these two data sets. Thus, the final data matrix contained measurements for 44,760 transcripts, providing extensive coverage of well-substantiated human genes.
The 168 transcripts shared between the data sets provided a test for the comparability of the results in the two data sets. For the six combinations of tissue and disease state, the correlations between the raw scores for these 168 transcripts in the two data sets ranged between 0.953 and 0.987 (P<0.001 in all cases). This result supports the hypothesis that experimental conditions in the two data sets were comparable.
For each transcript, analysis of variance was conducted in a block design. The tissue (ileum or colon) constituted the block effect (Supplementary Table S1 ). I tested for differences between disease states (control, CD, and UC) after removing the effect of difference among tissues. A randomization procedure was used to provide probability levels for F-statistics. Data vectors were generated for 1,000,000 simulated transcripts by sampling (with replacement) from each column of the original data matrix. The F-statistic was then calculated for each simulated transcript, and the distribution of the F-statistics for the simulated transcripts was used as a reference to assess significance of F-statistics computed from the real data. Each F-statistic computed from the real transcripts was considered significant at the α level if 100α% or fewer of the simulated transcripts showed F-statistics greater than that value. For transcripts showing a significant F-statistic, post hoc comparisons among individual disease state means were conducted by Tukey's honestly significant difference (HSD) method (Sokal and Rohlf 1981) . Significance for HSD was also assessed by comparison with those calculated for the simulated transcripts. In order to correct for multiple testing, I applied the step-up false-discovery rate (FDR) method of Benjamini and Hochberg (1995) to both F tests and HSD.
Results
When analysis of variance was applied to expression data for 44,760 transcripts in the two tissues (ileum and colon) and three disease states (control, CD, and UC), there were striking differences among transcripts with respect to the proportion of the total sum of squares accounted for by differences among tissues and the proportion of the total sum of squares accounted for by disease state (Fig. 1) . Almost every possible combination of values was seen ( Fig. 1 ). There were transcripts for which disease state accounted for a very high proportion (nearly 100%) of the total sum of squares and tissue accounted for very little of the total sum of squares ( Fig. 1) . Conversely, there were transcripts for which disease state accounted for very little of the total sum of squares, whereas tissue accounted for a high proportion (Fig. 1) . A group of 5,046 transcripts (11.3% of total) showed significant effects of disease state at the 5% level by the F test and a FDR of less than 5%. A group of 1,053 transcripts (2.4%) showed significant effects of disease state at the 1% level and FDR of less than 1%.
In the analysis of variance conducted here, it was not possible to test for interactions of tissue and disease state because of the lack of replication. In order to assess the possible impact of replication on these data, an analysis of variance testing for main effects (tissue and disease state) plus their interaction was applied to the 168 transcripts which were replicated in the GDS559 and GDS560 data sets (see Methods). None showed a significant tissue-bydisease-state interaction at the 5% level. Yet when the values for the two data sets were averaged to provide overall scores for these 168 transcripts, 15 of 168 (9.8%) showed a significant effect of disease state at the 5% level, and 3 (1.8%) showed a significant effect of disease state at the 1% level. These percentages are similar to those for the complete data set of 44,760 transcripts.
Transcripts showing a high value of the F-statistic for disease state did not necessarily show unusually high ratios of the scores for CD or UC to the control. When the F-statistic for disease state was plotted against the natural logarithm of the mean ratio CD/control, there was no correlation (r=0.006; ns; Fig. 2a) . Rather, the transcripts with both the highest and lowest log ratios showed very low F-statistics, whereas the transcripts with high F-statistics tended to have log ratios close to zero (Fig. 2a) . In the case of UC, there was a small but significant negative correlation between the F-statistic for disease state and the natural logarithm of the mean ratio UC/control (r=−0.016′; P=0.001; Fig. 2b ). Here also, transcripts with both very high and very low log ratios tended to have low F-statistics, while those with high F-statistics tended to have log ratios close to zero (Fig. 2b) . On the other hand, the natural logarithm of the mean ratio CD/control was highly, positively correlated with the natural logarithm of the ratio UC/control (r=0.559; P<0.001; Fig. 3) .
A similar pattern was seen when the logarithm of maximum ratio for the two tissues of the score for CD to that of controls was correlated with the F-statistic; there was no significant linear relationship (r=−0.007; ns). In the case of UC, there was a small but significant negative correlation (r=−0.031; P<0.001) between the logarithm of maximum ratio for the two tissues and the F-statistic. These results show that neither mean nor maximum of the ratio of the scores for either CD or UC to those for controls was a good predictor of the magnitude of the effect of disease state in the analysis of variance.
Within the group of 5,046 transcripts showing a significant effect of disease state at the 5% level and FDR less than 5%, there was a group of 1,647 transcripts showing a significant HSD at the 5% level between means for CD and control and FRD less than 5%. By contrast, there were only 63 transcripts showing a significant HSD at the 5% level between means for UC and control and FDR of less than 5%. Within the group of 1,053 transcripts show- ing a significant effect of disease state at the 1% level and FDR of less than 1%, 508 showed significant HSD at the 1% level between means for CD and control and FRD of less than 1%. None showed an HSD between UC and control that was significant at the 1% level. Table 1 lists all transcripts with annotated protein function and map location from the RefSeq database (Pruitt et al. 2005 ) that showed a significant effect of disease state at the 1% level and a significant HSD at the 1% level, with FDR of 1% or less in each case. These included 22 known or putative transcription factors and 12 genes mapping to genomic regions that have shown evidence of association with IBD (Table 1) .
Discussion
An approach based on analysis of variance was applied to microarray data from a publicly available database in order to identify transcripts with significant differential expression across ileum and colon in inflammatory bowel disease (IBD). Statistically significant differences in expression levels between Crohn's disease (CD) and control were observed for numerous transcripts. Such differences were more rarely seen in the case of ulcerative colitis (UC), as is expected, since the latter is not expected to affect the ileum. By combining data from two disease states and two tissues, this approach achieved the statistical power to detect transcripts with consistently altered expression across ileum and colon in CD. Furthermore, the analysis of variance design used tissue as a block effect, thereby removing this effect statistically and increasing the power to test for effects of disease states (control, CD, and UC). This approach made it possible to extract information on gene expression changes in CD from a data set lacking independent replicates from CD-affected patients.
The magnitude of the detectable difference among disease states, as measured by the F-statistic for the effect of disease state, was not strongly correlated with the ratio of raw expression scores between CD and control or between UC and control. Rather, the transcripts with the highest F-statistics often had low ratios of disease scores to control scores, and vice versa. This surprising result evidently occurred because many of the transcripts with high ratios of disease to control were transcripts lacking a consistent pattern of expression change in disease state across ileum and colon.
While some of the latter possibly represented genes with a pattern of tissue-specific differential expression in one or both diseases, the available data did not make it possible to test statistically for a tissue-specific expression difference in most cases. On the other hand, in the case of 168 transcripts for which replicated data were available, there were no significant results in tests for tissue-by-diseasestate interaction. Yet these 168 transcripts showed significant effects of disease state at rates comparable to the other transcripts, suggesting that they were not atypical of the data set as a whole. The absence of detectable tissue-bydisease-state interactions suggests that inconsistent patterns of expression between the two tissues may often have been simply due to stochastic fluctuations without biological importance.
The analysis of variance identified numerous transcripts with differential expression in CD. These included transcripts from a number of genes with known roles in regulating gene expression in signal transduction and in immune recognition, all processes likely to be involved in CD. The transcripts with significant results at the 1% level and annotated function from the RefSeq database included a number of potential interest for both the mechanism of causation and the pathology of CD (Table 1) . These included 22 known or putative transcription factors, among them five zinc finger proteins (Table 1) . Eleven of the 22 transcription factors showed significantly higher expression levels in CD than in the control, while 11 showed significantly lower expression levels in CD than in the control (Table 1) . Two α-polypeptides from cholinergic receptors showed significantly lower expression in CD than in controls (nos. 75 and 106, Table 1 ).
Among the most interesting genes in Table 1 were 12 genes mapping to genomic regions that have shown evidence of linkage to IBD (Table 1) . Of the seven regions with the strongest association to CD (16q12, 19p13, 1p36, 5q31, . CLEC4M forms part of an evolutionarily conserved cluster of type II membrane-associated C-type lectins, belonging to the CD209 family and expressed on dendritic cells (Geijtenbeck et al. 2000; Bashirova et al. 2003) . Table 1 included six genes mapping to the broad region of chromosome 12 (12p13.2-q24.1) that shows association with IBD. Among these was BTG1 (no. 17, Table 1 ), which has an anti-proliferative function (Iwai et al. 2004 ) and showed increased expression in CD. Likewise, showing increased expression in CD was HSPC128 (no. 55, Table 1 ), a transcript identified from hematopoietic stem/progenitor cells (Zhang et al. 2000) . TAC3 (no. 89, Table 1 ) encodes a protein known as tachykinin 3 or neurokinin-B that encode molecules modulating physiological processes via Gprotein-coupled receptors (Pal et al. 2004) , and this gene also showed evidence of increased expression in CD. Also of interest with regard to chromosome 12 linkage was CLEC4E, (no. 105, Table 1 ), which maps to 12p13.31, just outside the region associated with CD. CLEC4E is a close relative of CLEC4M on chromosome 19, but these two Ctype lectin genes showed contrasting patterns in CD (Table 1) . Whereas CLEC4M showed significantly decreased expression in CD, CLEC4E showed significantly increased expression in CD (Table 1) .
Another functionally interesting gene mapping to a region linked with CD (1p36) is TNFRSF4 (no. 18, Table 1 ), which showed significantly increased expression in CD (Table 1) . The protein product, also known as CD134 and OX40, is important for T cell proliferation and is upregulated in multiple sclerosis (Kashiwakura et al. 2004; Carboni et al. 2003) . Procadherin beta 13 (no. 87, Table 1), with significantly increased expression in CD, forms part of a cluster in the 5q31 region encoding members of the protocadherin family, which are involved in cell adhesion (Wu et al. 2001) .
Current models of CD implicate sensing of peptidoglycan and/or other bacterial cell wall components as a key event in the causation of disease, a line of investigation encouraged by the discovery that CARD15/NOD2 is associated with CD (Girardin et al. 2003) . Since CD is believed to be a complex genetic disease with at least seven susceptibility loci (Girardin et al. 2003) , genes with differential expression in CD that map to regions previously showing association with CD would seem plausible candidates for further association studies. This would seem to be especially true in the case of genes that play a role in bacterial sensing or the transduction of signals from such sensing. The present analysis revealed a number of genes having these characteristics, and investigation of polymorphism at these loci may yield further insights into the mechanism of causation of CD.
